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ABSTRACT

Unpublishedwork at this Laboratory on the corrosion
of unalloyed uranium is summarized in this report. Data
are presented for dry air and o~gen and for attack by
water, water vapor, and steam, as well as by moist air
and helium. The role of lattice defects in the corrosion
mechanism is also discussed.

Particular attentionhas been given to the effects of
impurities and test conditions on the rates of corrosion.
The general inability to obtain reproducible data has been
attributed to the influence of small obscure variations in
the test procedure. The effects of intentional impurity ad-
ditions appear to be small.
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1. INTRODUCTION

In a number of ways, uranium is similar to iron in its corrosion be-
havior. For example, it is quite resistant in dry air or other atmospheres
but, like iron, does corrode rapidly in the presence of moisture. Under
conditions of differential aeration, the oxygen-depleted region on uranium be-
comes anodfc, and it has been demonstrated that current will flow between
immersed pieces of uranium supplied with different amounts of oxygen.
Strong nitric acid attacks uranium only to a limited extent, although other
acids readily dissolve it. The complete analogy with the passive behavior
of iron in strong nitric acid has not been demonstrated. Although uranium
and iron may behave similarly in these ways, the subject of uranium cor-
rosion is complex and the difficulty of obtaining reproducible data in re-
peated experiments makes the experimental verification of any reaction mech-
anism quite difficult.

1.1 Storage of Uranium—

Experience gained at Los Alamos in the storage of uranium strongly
indicates that the best all-around atmosphere is freely circulating air and
that attempts to enclose the metal or surround it with an inert gas only en-
courage greater corrosion.

In general, the metal can be handled with a minimum number of pre-
cautions and these are prescribed more by personnel health and safety re-
quirements than by the pyrophoric character of the metal. It has been our
casual experience that metal stored out of contact with air for several
months develops corrosion products, presumably from reaction with moisture,
which will ignite spontaneously in air at room temperature. The mechanism
for forming these is not understood, but the behavior suggests the influence
of uranium hydride.

The adherence of the corrosion products is favored by freely circulating
air, whereas considerable spal.lationoccurs under oxygen-starvation condi-
tions. Relatively coherent sheets of corrosion products will, in some cases,
detach themselves
ing moist helium,

from
eight

the oxidizing metal. In a laborato& experiment us-
distinct layers of oxide could be removed. The
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oxide tends to be more voluminous in inert atmospheres, where there is
restricted access of oxygen. We have observed porous oxide scales almost
ten times as thick as the metal sheet from which they were formed. This
formation occurred in a closed container in which there was also a consid-
erable amount of water vapor.

On the basis of our experience and laboratory experiments, air or oxy-
gen is preferable to an inert gas if there is any likelihood that moisture will
be confined with the gas. All sources of moisture such as imperfect desic-
cants, damp containers, moist gas, etc. , should be investigated and mini-
mized. Our experience strongly indicates that circulating air is preferable
to stsgnant air.

1.2 Products Formed

Uranium dioxide, which has a face-centered-cubic fluorite lattice, is the
major product formed in moist or dry air. In the vicinity of 185°C, higher
oxides such as U408or U@B become the principal products in the presence
of water. The snalysis of the products formed suggests that hydroxides, hy-
dride, and higher hydrated oxides may also be present, depending on condi-
tions.

The monoxide of uranium, UO, with the NaCl cubic lattice is usually
found only in thin films on the metal, althoughit has occasionally been
formed in laboratory experiments. It comprises the major product when ura-
nium is heated in good vacua at temperatures higher than 600°C.

On the basis of electron-diffraction studies; the first oxide to be formed
in vacuum at atmospheric temperatures is the dioxide, and no evidence for
the monoxide has been obtained. This is contrary to some of our earlier
findings.

2. THEORETICALCONSIDERATIONS

The details of ionic as well as electronic motion across the film are an
essential feature of a present-day discussion of the oxidation of metal. This
is a reflection of the success of Wagner!s and Schottkyls conceptsi~2of lat-
tice defects in explaining most of the phenomena. Wagner2pointed out that
oxidation of most metals could not proceed by diffusion if Daltonls law of
ideal proportions held strictly true, but that it is the departure from stoi-
chiometry which permits a diffusion gradient to exist across a compound
soale.

The uranium-oxygen system has many distinguishable phases, which have
been discussed by Gronvold,SPerio,4 and others, and the composition range

.
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of the W,ioxide~lis wide. However, it is not appropriate to discuss this
literature critically in this report. Since.uranium dioxide is the major con-
stituent of most of the corrosion films, attention will be centered on the lat-
tice defects and electrical conduction in this phase.

2,1 Type of Defects

The fluorite lattice of uranium dioxide can tolerate both excess anions
and anion vacancies. In the region where the oxygen/uranium ratio is great-
er than 2, interstitial oxygen ions are distributed randomly among the sev-
eral (~, O,O) sites in the lattice. Perio4 has observed a face-centered-cubic
lattice of the approximate composition U409 (a ratio of 2.25). Hering and
Perios have also prepared face-centered-cubic compositions containing less
than two oxygen atoms for each uranium atom.

Hundand his collaborators6-$ have investigated the constitutional dia-
grams of rare-earth oxides with U@6 and have observed solid solutions
which retain the fluorite lattice from oxygen/metal ratios in excess of 2
down to 1.75. At any lower values of the ratio, the C-type rare-earth ses -
quioxide lattice (Mn20~type) is observed. This lattice is related to the
fluorite lattice; the missing oxygens are ordered in the Mn203structure.
Comparison of the lattice parameters with the observed densities strongly
indicates that anion vacancies predominate over interstitial cations for val-
ues of o~gen/metal ratios less than 2.00.

Rudorff and Valet,io Trzebiatowski and Selwood,ii Slowinski and Elliott,12
and Lambertson and Mueller,i3 have investigated the U02-Th02 phase dia-
gram and found a continuous range of solid solutions. Hundand Niessen,14
who worked with air-annealed specimens, found a two-phase region (fluorite
+ U~OB) above 60 mole YO uranium oxide. The lattice parameter data are
summarized in Fig. 1 and show excellent agreement among the four inves-
tigations where the solid solutions were annealed in hydrogen or vacuum.
Hundand Niessen comment on the presence of U+6 and excess oxygen in
their samples. Anderson et al.15 studied the oxidation of these solid solu-
tions and found no evidence for sny type of defect other than interstitial
anions. The proportion of cationic vacancies must be small k comparison.

The behavior may be discussed in terms of vacant anion sites and in-
terstitial anions, The interchange of an oxygen atom between a given site
in snion sub-lattice and an interstitial position such as envisaged in the
3?renkeltype of disorder can therefore be expected. Recent studies by Kur-
nickic on the mode of ionic conduction in AgBr, which is knownto contain
Frenkel defects, suggest that the transference number for interstitial Br-
ions is much larger than for the accompanying anion vacancies.

To date, no experiments on U02 have been performed, but the ease with

.
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which excess oxygen is accommodated in the lattice with only slight shrink-
age in lattice parameter strongly suggests that migration of interstitial anions
might be only slightly impeded by the other oxygens. (See the data of Hund
and Niessen in Fig. 1, which is compared with that of the other investiga-
tors. ) The easy oxidation of U02 at low temperatures is in accord with the
idea of low energy barriers.

2.2 Mode of Conduction

The fairly high electrical conductivity of U02 compacts suggests that it
is a semiconductor. The conductivity is knownto increase slightly with oxy-
gen pressure. The Hall-effect experiments of Hartmanni7demonstrate !’elec-
tron holet~conduction, and he estimated the concentration of holes in his
samples to be 10-5 mole per mole of U02.

The increase in the valence of uranium at some site in the sublattice
from 4 to 5 (or 6) will add one or two electron holes per atom. At equilib-
rium, there can be some transfer of electrons from the valence bonds to
quasi-free levels with the formation of holes. This can be symbolically
written as

c(valence in UOZ) = e +63 (1)

where, following the notation of .Hauffe,i8 0 stands for ~asi-free electrons
and (Bdenotes electron holes. Thd‘experiments by Hartmanni7suggest that
the quasi-free electrons occupy high energy states in the solid and are not
available for conduction at low voltage~ or field strengths. One may apply
the Law of Mass Action, as Wagner2has done, and write the equilibrium-
constant expression

(2)

where the brackets denote concentration of each defect.
Hauffei$found the electrical conductivity of U02 at 1000*Cto be rela-

tively insensitive to oxygen pressure. Meye@ observed a fourfold iXlCIX?tM3f3

in conductivity after vacuum-fired U02 compacts were annealed in 02 at
500°C and 100 mm pressure. Using Hauffe~s notation for such reactions,
the addition of excess oxygen may be represented by the equation

uo~ + *oZ(g) ~ (Oe=) + 2(B (3)

where the symbol O.= stands for a
Using the Law of Mass Action

doubly charged interstitial ion.
to treat the small concentration of these

- 12 -
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defects, the equilibrium constant for this reaction may be written as

[o@l[(B12
K2 ~ (POJ12

(4)

where the brackets denote the concentration of that specie of defect. Since
two electron holes are formed for each intei%titial oxygen, this equation can
be arranged to give

(5)

Thus, if the conductivity is roughly proportional to [~], a millionfold change
in o~gen pressure will only cl&ige the conductivity tenfold. The experi-
mental observations cited above appear to be in agreement with these argu-
ments. At low oxygen pressures (i. e., in vacuum) the changes in conduc-
tivity may be very small if the equilibrium concentration of positive holes
given by Eq. 2 is large in comparison with the exdess or deficit in oxygen
ions. This is undoubtedlythe explanation of Hauffets result. ‘U

2.3 OxwzenPressure Dependence

There are several equilibrium reactions which dictate the pressure de-
pendence of the reaction rate. The basic assumptions in these considera-
tions are: (1) that equilibrium concentrations of lattice defects exist at the
metal-oxide and the gas-oxide interfaces; (2) that equilibrium is rapidly at-
tained at the outer interface between the bulk oxide and the gas phase as
well as between the metal and bulk solid at the other interface; and (3) that
rate (which is diffusion-controlled) is determined by the gradient of lattice
defects across the film.

If the external oxygen pressure exceeds the equilibrium decomposition
pressure, one can, by neglecting the details of absorption, etc., write the
same over-all reaction for the oxide-gas interface as that expressed in
Eq. 3. Then Eq. 4 can be written as

(6)

The concentration of titerstitial oxygen ions will be much smaller at
the metal-oxide interface since they are consumed there to form the dioxide.
This concentration is unaffected by external gas pressure. Thus a gradient
exists across the film which increases with the sixth root of the oxygen
pressure.

- 14 -



The experimental data of Perkinszi and Wright and Waber22indicate that
the rate increases with the gas pressure. The data by Perkins indicate a
fifth root dependence, whereas those of Wright and Waber increase with the
fourth root of the pressure. These experiments were carried out at rela-
tively high temperature, namely, 260 and 220”C, respectively. The higher
oxides of uranium are usually present in the film at these temperatures,
and this may account for the larger observed dependence on external gas
pressure than the predicted value of one-sixth.

3. OXIDATIONBY DRY AIR AND OXYGEN

The published data2s~24suggest that the reaction of uranium with nitro-
gen proceeds very slowly at temperatures as high as 400*C, so that to the
first approximation, nitrogen can be ignored in discussing the behavior of
uranium at temperatures below 200”C. For this reason, the reaction with
dry air and with o~gen can be discussed under a common topic.

Many experiments have been run at temperatures below 100”C in an ef-
fort to get a fu~er insight into the complex behavior of uranium. Such
temperatures are also of interest with regard to handling and storage prob-
lems. At high temperatures the gross behavior of uranium appears to be
considerably more uniform than at moderate ones.

3.1 Emeriments below 100”C

In the early stages of the oxidation of uranium and beyond the inter-
ference color range of oxide thickness, the oxide is rather protective. The
increase in weight generally follows a parabolic growth law. At oxide thick-
nesses* of about 750 X, corresponding to an oxygen pickup of 10 gg/cm2,
oxide fracture becomes important. The fracture does not lead to deep fis-
sures but rather to the formation of flaking parallel to the metal surikce.
Fracturing could be expected, since on a mole-for-mole basis U02 occupies
1.97 times as much volume as the metal. The resultant highly compressive
forces in the surface lead to outward buckling of the oxide layer. Near the
metal surface adhesion is apparently greater than the cohesion in the oxtde,
and Woidsl! form parallel to the metallic surface. These subsequently open,
permitting the access of new oxidant, and since the diffusion-path length is
considerably reduced, oxidation proceeds more rapidly locally. As the crack

*c:orrespontig ~omt of metal consumed is about 390 X*

- 15 -



grows laterally in the oxide, there is an increase in the area which is avail-
able for the more rapid oxidation, and, consequently, an over-all increase
of the rate with time can be expected.

Data obtained with uranium exposed at low temperatures to air which
is dried (i. e., in contact with) with P205 indicate that such an increase in
rate occurs. Note that the slope on the log-log plot of Fig. 2 changes from
just over 0.5 to slightly over 2. The second portion of the curve has been
called W.me-squared behavior. ?t This behavior was formerly ascribed to
depletion of the absorptive capacity of the desiccant, but more recent ex-
periments with several desiccants, some of which were replaced frequently,
have led to the discard of this suggestion.

The proposal that the accelerating rate of attack associated with the
time-squared behavior is due to a progressive lateral fracture and exposure
of a thin adherent layer to further oxidation is given support by the fact
that the maximum amount of oxidation cannot exceed that which would have
forxned if the oxidation were only controlled by this thin layer throughout
the entire time of exposure and the remaining oxide which formed had
spalled off, or at least had not interfered with the progress of the reaction.
Although a diffusion mechanism is assumed to operate in this thin adherent
layer, if the layer were constant in thickness, the oxidation would be limited
by the rate of entrance of anions into the film and their diffusion inward,
i. e., interface-controlled. The rate would then be constant and a linear law
would be observed. Note that in Fig. 3 a linear growth line, superimposed
on Fig. 2, is an upper bound to the broken curve, and that the rate indicat-
ed by the data declines at long times, suggesting that fracture has occurred
once over the entire surface. Even if subsequent fractures do occur after
the oxide has

Y
ain grown within an exposed area to the unstable thickness

of 750 to 1000 the linear-law extrapolation will not be exceeded since
the local rate in’this newly thickened area will be less than in the thin ad-
herent film.

Photomicrographs have been taken of a specimen exposed at 57°C to
dry air at two stages after the fragmentation had begun. The two photomi-
crographs in Fig, 4 are of the same area and illustrate the progressive
fracture and fragmentation of the oxide layers. Although it may not be ob-
vious from this figure, the oxide curls away from the metal, and rather
!~~shed!~rect~ular pieces of oxide are detached from the metal.

A statistical study has been made of the first and second branches of
weight-gain curves which exhibited this time-squared behavior to determine
if there were any effects due to impurities. Duplicate specimens of three
different lots of metal were exposed to air dried with P206 at 75°C. One
lot of metal was also tested which had been rolled in three slightly different
ways. Duplicate specimens of the as-rolled and the annealed (recrystallized)

- 16 -
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metal were also exposed to dried air at 75”C. Analysis of the data suggests
that there were no significant effects clearly due to impurities. Since the
behavior of the annealed metal was similar to that of the as-rolled metal,
there would appear to be little effect due to the fabrication procedure. Some
of these results are presented in the following table. The exponent in the

TABLE 3.1

STATISTICALSUMMARYOF TIME-DEPENDENCEDATA
REI.ATING TO THE OXIDATIONOF URANIUMIN DRIED AIR AT 75%2

No. of Av. Initial Av. 2d
Metal Used Ruus Slope Slope

Different lots, various treatments 6 0.465
Same lot, different treatment 12 0.621
Pooled data 18 0.569

time-squared portion was higher than 2.
The variation between the rate constants of duplicate runs

2.23
3.66
2.98

in the initial
portion of the curves was large and tended to mask any real effect of im-
purities. However, the rate constants (expressed in terms of micrograms
per square centimeters and hours) for the second portion of the curves
ranged only slightly and are presented below. These data suggest that the
second rate constant, which depends rather strongly on the details of the
fracturing process, is virtually independentof the composition or previous
history of the metal. It might be expected that the oxide layers could form
without too much regard for the nature of the metal, particularly if the im-
purities in uranium were not soluble in the dioxide. Thus uniform rates
which did not reflect the history of the metal could be obtained.

TABLE 3.2

STATISTICALSUMMARYOF RATE-CONSTANT DATA
RELATING TO THE OXIDATIONOF URANIUMIN DRIED AIR AT 75°C

No. of Av. Rate
Metal Used Runs Constant Smallest Largest

Different lots, various
treatments 6 7.0 x 10-~ 6.17 x 1O-a 9.02 x 1O-s

Same lot, different
treatments 11 4.86 X 10-3 2.25 x 10-3 14.7 x 10-s

Pooled data 17 5.61 X 10-3 2.25 X 10-3 14.7 x 10-s
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3.2 Oxidationby ~gen at 185°C and Higher Temperatures

The studies of Wathenand Perkins are quoted in Los Alamos Scientific
Laboratory report LA-1524 (November 1952). Some of our results on time
dependence and the effect of thermal cycling are also cited there. For brev-
ity these will not be repeated here.

However, there are further data available from some of our experiments
conducted at temperatures at 185°C and above, using a vapor thermostat. In
the graph of Fig. 5, the oxygen consumed per square centimeter of specimen
su:rface is plotted versus the. The two-slope character of these log-log
plots suggests that a change in mechanism occurs.

It is interesting to note that Wagner has suggested that the decrease in
activation energy (cf. the Arrhenius plot of Fig. 8 in LA-1524) at higher
temperatures in any reaction can be explained by a sequence of reactions in
which, as an essential step, a small amount of intermediate compound is
formed. Such a compound might be
posed steps in that case would be

u + o~ ~ uo~ ~

the tetragonal oxide (U02,8J. The pro-

tetragonal ~ uo2.3~ (7)

The inner part of a high-temperature film would contain dioxide, the exterior
part, U.300. Such a change in composition of the oxide as it grew could also
explain the dual-slope character of Fig. 5. When one run was interrupted
after 1 hr, only U02 could be detected by X-ray diffraction. In general, how-
evl~r, the over-all o~gen content was higher in tests of longer duration. In
four runs at 220”C the oxygen/uranium ratio, as derived from the consumption
of oxygen, was 2.45, 2.45, ‘2.39, and 2.41, and in each case the presence of
dioxide plus the tetragonal oxide was demonstrated. These data imply that
the tetragonal phase may have a composition nearer to U205than to U02.38.

As a final remark, ignition of 2-roil uranium sheet was observed in pure
o~gen at 275 and 344°C.

4. EFFECT OF MOISTUREON AIR CORROSION

As previously mentioned, small amounts of moisture in the air very sig-
nificantly increase the corrosion rate. Our experience indicates that in-
creasing the moisture content above approximately 1% relative humidity has
little effect in further increasing the corrosion. Even though initially there
may be differences, these are largely wiped out at the end of a month or
two. To further confirm these observations made at moderate relative hu-
midities, the effectiveness of two commercial desiccants was studied. The
equilibrium vapor pressure over a mixture of CaS04 and its hemihydrate was
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0.023 atmos. at 100”C or approximately 2% relative humidity. Two com-
pounds which would dry a gas by reacting with the water were also tested.
A typical set of weight gains obtained with exposing high-purity uranium to
air at 75°C in contact with the desiccant are shown in Table 4.1.

TABLE 4.1

EFFECTIVENESSOF SEVERAL DESICCANTS

Wt. Gain (mg/cm2)
Desiccant Employed 100 hr 700 hr 5000 hr

MgC104(anhydrone) 0.016 0.039 0.56
CaH2 0.008 0.055 0.54
Na202 0.014 0.070 0.54
Ca504 (drierite) 0.065 1.95 10.8

Control

50% r.h. 0.51 2.65 11.1

The three compounds MgC104, CS.H2,and Naz02gave surprisingly similar re-
sults, whereas the CaS04 was not very much more effective than adding no
desiccant and permitting the air to retain a high moisture content.

4.1 Effect of Impurities

Characteristically, the
ducible weight gains. For
frequently necessary. The
have hen e~~ed, using

corrosion of uranium does not yield very repro-
this reason, statistical analysis of the data is
effects of rolling procedure and impurity content
a test plan rather similar to that discussed in

connection with corrosion by dry air. Although some differences were
brought to light by this analysis, the details of rolling and ~ealing seemed
to have much less effect than the lot or sheet of metal from which the metal
was taken. This suggests that the chemical analysis of the metal plays an
important role.

To study this more thoroughly, unalloyed uranium metal from four dif-
ferent sources was tested at 75°C in air which contained 50% relative hu-
midity. Then large amounts of the common impurities which occur in ura-
nium were added to a single high-purity stock. The results of these tests
with moist air when plotted on log-log paper are given in the following table.
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TABLE 4.2

COMPARISONOF THE EFFECT OF PROCESSINGIMPURITIESAND
ALLOY ADDITIONSON THE CORROSIONOF URANIUM

Logarithmic Wt. Gain (mg/cm2)
Metal Used Slope Intercept 100 hr 1000 hr

Electrolytic (B-211) 1.47 –4.00 0.51 2.4
Selected Derby casting (3A-157) 1.03 –2.90 0.096 3.60
Center cut Dingot (A-1) 0.88 -2.14 0.135 2.25
Old Hanford extruded (D-199) 1.10 –2.19 0.096 2.00

Control Stock 1.07 -2.92 0.12 1.9

5600 ppm carbon 0.94 -2.60 0.18 1.8
440 ppm iron 1.0 –2.70 0.17 1.75
536 ppm nickel 1.14 -3.04 0.175 2.4
520 ppm silicon 1.27 –3.21 0.22 2.6
500 ppm copper 0.94 –2.76 0.11 1.8

Repeat of D-199 as control 1.14 -3.20 0.115 2.15

The differences were much smaller than was anticipated, and the data in
this table suggest that the impurity content has very little influence on the
gross corrosion behavior. It is possible, however, that the corrosion rate
might be smaller (or larger) if the impurity content were significantly less
than in these samples. These data also suggest that small variations in the
corrosion test procedure may be of major importance.

For comparison purposes, the data for uranfum (from four sources) ex-
posed to dry air at 75°C in contact with MgCIOAare presented. These data

TABLE 4.3

COMPARISONOF THE CORROSIONOF VARIOUS
URANIUMFEED MATERIALS

Wt. Gain (mg/cm2)
Metal Used 100 hr 1000 hr

Electrolytic (B-211) 0.007 0.053
Selected Derby casting (3A-157) 0.0115 0.053
Center cut Dhgot (A-1) 0.0145 0.075
Old Hanford extruded (D-199) 0.0135 0.053
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also demonstrate the large difference in corrosiveness of dry and moist air.

5. REACTIONWITH WATER

The reaction with water is complicated, and it has been dfflcult to in-
terpret some of the results since certain hydroxides (or hydrates) are sus-
pect; unfortunately,their X-ray patterns and chemical properties have not
been well characterized, The behavior of uranium with respect to water in
its various forms--aqueous solutions, water vapor in a moist inert gas, or
steam-is rather similar and is discussed in the following subsections.

Although one might have discussed corrosion by moist air here, the be-
havior in this medium is sufficiently different from that in either dried air
or water to merit special attention. For example, it is knownthat oxygen
hinders the attack of uranium by water.* Only UOZhas been detected after
exposure to moist or dry air below 100”C, whereas UH$,as well as com-
pounds with appreciable amounts of fl, have been observed to form at low
temperatures in cases where water vapor is the principal oxidant.

5.1 Reaction with Hot Water

Much of J. E. Draleyls data and his observations of the effect of oxy-
gen on the corrosion rate of uranium is contained in Los Alamos Scientific
Laboratory reports LA-1381 (December 1948) and LA-1524 (November 1952).
For this reason, they will not be discussed here.

A number of runs have been made at this Laboratory using purified wa-
ter at 50”C in a gas-tight system. 26 Materi~ balances have been made.
Several important observations made during these tests are: (1) the yield
of hydrogen was less than theoretical for the formation of U02; (2) the cor-
rosion products contained several percent less uranium by weight than did
Uo2; (3) the corrosion products were hydroscopic and oxidized readily at
room temperature; and (4) a few tenths of a percent of methane was detec-
ted in the gas phase. The CHA,since it increased with time, apparently
arose from the reaction of water with the small amount of uranium mono-
ca.rbide normally present in uranium. A delay or an incubation period was
noted in seven of the eleven runs. The rates were not very reproducible
despite the precautions taken. Some of these data are given in Table 5.1.

*Since the corrosion of uranium is under anodic control and excess oxygen
will tend to reduce the anode area associated with o~gen-depleted regions,
the reduction of the rate of attack with increasing oxygen is understandable.
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TABLE 5.1

VARIATIONOF RATES AND DEIAY PERIODSIN A SERIESOF
EXPERIMENTSWITH CAREFULLY PURIFIEDWATER

Hz Wt. of Oxide
Initial l@te Delay Yield less Calc. Wt.

Run No. (cc H~cm2/hr) @r) (%) - (%)

M-10
M-n
M-12
M-13
M-14
M-16
M-17
M-18
M-19
M-20
M-23

0.0481
0.07
0.067
0.0017
0.0019
0.0120
0.0078
0.02
0.025
0.033
0,044

250
None
225
None
160
None
15
60
50

850
None

.-

64.5
82.7
23.4

102.8
--

64.6
87.1
82.2
48.0
91.6

0.4, 0.5
3.6, 4.9

--

1.7
1.7, 6.0

--

2.6, 4.3
1.5
2.2
5.6
1.7, 6.1

They reflect the sensitivity of reaction to some uncontrolled features of the
experiment. The rate was observed to increase with time in runs M-10,

o M-12, M-18, and M-23. Hoxeng and Rebo126observed that the average hy-
drogen yield in twenty-nine runs at 700Cwas 93%.

The uranium was cleaned with 35% HN03before and after reaction with
water and weighed on a microbalance. The moles of hydrogen involved in
the reaction

U + 2H20 ~ U02 + 2H2 (8)

were computed for the number of gram-atoms of uranium which correspond
to the weight change. This was called the theoretical yield of hydrogen.
Much of the uranium dioxide fell to the bottom of the flask during reaction
and could be collected by filtration. The weight of uranium on these filter
residues was determined by the CMB-1 analytical group and the equivalent
weight of pure U02 computed. The tto~deti residue was heavier th~ the
theoretical amount of U02. The error in these two oxide weights is indi-
cated in the last column of Table 5.1. It was such a residue that was
found to be hydroscopic, and this is discussed under the timed series of
weighings.

The uranium and water contents of several hypothetical compositions of
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corrosion products are listed in Table 5.2, together with the percentages of
the theoretical hydrogen yield. One of the possible explanations for the

TABLE 5.2

URANIUMAND WATER OF HYPOTHETICALCORROSIONPRODUCTS

Composition of Uranium Water Hydrogen
Product Content Co@ent Yield

uo~ 88.1 .- 100
uo~ ● H20 82.9 5.91 100
uo~ ● 2H20 77.8 11.75 100
u~o~ 90.1 -- 75
u~o~ ● 3H20 81.8 9.3 75
2U208* U02 ● 4H20 85.6 5.18 80
u~o~“Suez● 4H20 84.6 5.12 90

low uranium content and low hydrogen yield is that uranium hydroxides are
formed with an average valence less than 4. The uranium valences for
the last two entries in this table are 3.2 and 3.6.

The hydroscopic character of the corrosion products was observed in
a series of timed weighings which were made after it was found that one
could not dry the products to constant weight. A typical graph of the weight
increases which occurred within minutes after removal from the desiccator
is shown in Fig. 6. At first it was thought that the successively higher
weights upon removal were due to the incomplete removal of the adsorbed
water. The occurrence of an initial weight after long storage which was
larger than the largest moist weight during the previous timed series of
weighings suggested that the corrosion products gahed weight while in the
desiccator. The (extrapolated) initial weight on removal is plotted in Fig.
7 against hours of storage with the desiccator. The slopes of the two
types of weight increases are given in Table 5.3.

Chemical analysis of the products from M-20 after the timed weighings
gave 83.5% U. The uranium content for M-23 was initially 86.7 and fell to
83.0% after the timed weighings were completed. (Pure U02 contiins 88.15%
U.) Although the products may have slowly adsorbed water from the desic-
cant, it seems more reasonable that they were being oxidized while in the
desiccator.
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TABLE 5.3

OXIDATIONAND HYDRATIONOF CORROSIONPRODUCTS
AFTER REMOVAL FROM TEST

Rate of Adsorption of H20 Rate of Wt. Inorease in
Run (mg/min) Desiccator (mg/g/hr)

M-19 0.34 0.018
M-20 0.37 0.206
M-23 0.53, 0.34* 0.145, 0,013*

*~d.icates the rates of weight change after a portion of the corrosion prod-
uct had been removed for analysis,

In recent experiments with uranium in boiling water, the adherent cor-
rosion products were examined by X-ray diffraction within minutes after re-
moval from solution. A number of unidentified lines were observed in ad-
dition to those of U02. They were similar to the lines of the several
uo~ “ XH20compounds, but a satisfactory identification has not yet been
made.

All of these observations and anomolies can be explained if there was a
competition between dioxide-, hydrated dioxide-, and hydride-forming reac-
tions on the uranium surface and if the amount of one reaction in compari-
son to another depended on a variety of unknownbut subtle factors.

5.2j Corrosion in Moist Helium

The reaction of uranium with the water vapor in moist inert gas has
been studied over the temperature range of 35 to 100°C and at different rel-
ative humidities to determine the effectiveness of adsorbed moisture films.
The assumption that the rate will increase proportionally with the surface
coverage and with the number of physically adsorbed layers is a reasonable
one. Relative humidity may be used as the relative condensation pressure
of the adsorbate. Kolodoney and Covert’s data27have been replotted in
accordance with the Brunauer-Emmett-Teller theory of adsorption in Fig. 8.
The straight line lends credibility to these assumptions. In this figure, R
is the relative condensation pressure, which is the relative humidity in the
case of water. It can be shown that if the corrosion rate W is proportional
to the surtice coverage and WOis the rate for a complete monolayer, then
the relation between W and R may be written as
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TeHer theory of adsorption).
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(kc
(1 –:)W = ciiol

Thus one should obtain a straight

H1
+ cw~ (9)

line by plotting Ii/(l – R)W against R, the
slope being (C – 1)/cw~ . The heat of adsorption can be derived from the
constant C and is estimated from these data to be 22.5 kcal/mole for the
adsorption of water vapor on U02.

One of the interesting phenomenawhich have been observed in tests with
moist helium is the formation of easily detachable, coherent layers of oxide.
In one experiment, eight distinct layers were lifted at the end of the test
from the specimen with a pair of tweezers. These layers permitted USes-
sentially to section the oxide film and determine if the film were homoge-
neous in composition. Chemical analysis of the innermost and outermost
layer as presented in Table 5.4 showed that the uranium content of the film
decreased as one proceeded outward from the metal interface. The products
thus contained less than the stoichiometric percentage of uranium in pure
U02, namely, 88.15%. The content of water was surprisingly high. If one
assumes that the composition can be expressed as (U02 - XH20), there was
more than 100% of material present, namely, 103.1 and 104.9%, respectively.
If UHSis present, the discrepancy is even larger, since it contains 98.76%
U. These low uranium ctmtents can be explained by the presence of higher
oxides.

TABLE 5.4

URANIUMAND WATER CONTENTOF CORROSIONPRODUCTS
FOLLOWINGEXPOSURETO MOIST HELIUM

U Content H20
Layer (%) (%)

Innermost 86.22 5.3
Outermost 84.84 8.7

It was also observed that the outermost layer fluoresced a dark muddy
yellow, whereas no fluorescence of the innermost layer was detected. Only
uranium compounds containing @ 6 ions are knownto fluoresce. 28 Fluores-
cence of U02 or U308has not been observed. This observation of fluores-
cence suggests that one of the UO~ ● XH20phases was present. An X-ray
diffraction study of these layers showed only U02 in the Omer layer. How-
ever, a few unidentified
served in the outermost

lines in addition to those of the dioxide were ob-
layer.
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When uranium, after reaction with moist helium, had been stored more
than a year in a desiccator containing HJ304,light-yellow products were to
be seen on the exterior surface. Petrographic study of this material re-
vealed the presence of UOg ● H20 and uranyl carbonate. It is interesting to
note that well-weathered uranium or uranium which has been exposed to
ground waters also contains uranyl carbonate in the film.

R. J. Bard, of this Laboratory, has measured the area of one of these
detached layers by the BET method using methane as an adsorbate. The

* surface area was 14.1 meters2 per gram. This surface area can be ac-
counted for by an equal weight of 550 ~ cubes. These data suggest that these
detached layers are very porous.

In an effort to establish the presence of uranium hydride in the corro-
sion products, Bard enclosed one of the films in a small evacuated space and
measured the pressure at 255”C. It proved to be 6.2 mm Hg. The equilibrium
decomposition pressure of UH3at this temperature is 25.1 mm. It is more
significant that the analysis of this gas by mass spectrometer showed 68%
H20, 25% C02, and the remainder, air and various ~~backgroundcontaminants.?!
No hydrogen could be detected. This was regarded for several years as
proof that uranium hydride does not form a significant fraction of the corro-
sion products. The water undoubtedlycame from a hydrated oxide.

Christ2$reported that U02 ● XH20 loses all of its water when heated
for 1/2 hour at 200”C and suffers partial oxidation to U308. According to
Aloy, ‘0 U02 * 2H20 oxidizes slowly in the cold and more rapidly on heating
to U03 ● H20.

In this connection, we have studied the oxidation of these layers, which
proceeded smoothly at 185°C to form U$)8. At 200”C, one layer was 85%
converted to U308 in a few hours. At 234”C, oxygen converted one of the
layers to 77% U308plus higher oxides such as U03.

In the course of analysis, samples of these films have been oxidized to
u~os at high temperatures and the water collected. If this water were at-
tributable to the oxidation of the UH~which is contained in the film, then ap-
proximately 15 to 20 mole % of the hydride would have to be present. Evi-
dence for it has never been found in these films. This large amount of H20
can be explained more easily on the basis that appreciable amounts of hy-
drated oxides were present.

Recently it has been demonstrated metallographically that hydrides do
form. Figure 9 shows a cross section of the surface of a specimen after
1689 hr exposure to helium containing 50% relative humidity at 75°C. The
grey area on the left represents the original surface of the metal. The black
material is the plastic mounting. Corrosion has proceeded to the depth of
approximately 3 roils in the rounded areas, which are filled with oxide. The
triangular-shaped piece has been identified as uranium hydride. The tip
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Fig. 9 Photomicrograph of the Surface of Unalloyed Uranium after Exposure
to Helium containing 50% Relative Humidity at 75°C for 1689 Hr.
The spike has been identified as &UH~by microbesm X-ray tech-
niques. Mechanically polished. Magnification 400X. (Courtesy of
C. O. Matthews and C. Olsen, of this Laboratory.)
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extends about 10 roils from the rounded area, where it presumably originated.
Such nonuniform attack is characteristic of the hydride reaction. This trian-
gular hydride Wpikel’ is imbedded below the surface of the metal and un-
doubtedly explains why X-ray diffraction of the surface and experiments con-
ducted with detached films have failed to reveal uranium hydride.

One experiment in which uranium was exposed to hydrogen containing
6.5 vol. % H20 was run at 150°C. Reaction with the hydrogen began within
5 rnin and localized areas were attacked with the formation of UH~beneath
a thin oxide film. This experiment is cited to show that some preferential
hydriding is possible in moist hydrogen and thus is likely in moist helium.
The uneven corrosion attack seen in Fig. 9 is attributable to this cause. Of
course, the hydrogen in the case of the experiment with moist helium was
derived from the reaction of the uranium with the moisture.

5.3 Effect of Impurities in the Metal

For comparison purposes, data on corrosion of uranium derived from
four sources are presented in Table 5.5. Test conditions were 75°C and 50%
relative humidity in helium. The effect of these small changes in the impurity

TABLE 5.5

COMPARISONOF THE CORROSIONOF VARIOUS
URANIUMFEED MATERIALS

Wt. Gain (mg/cm2)
Metal Used 100 hr 1000 hr

Electrolytic (B-211) 1.25 19
Selected Derby casting (3A-157) 1.17 11
Center cut Dingot (A-1) 1.10 18
Old Hanford extruded (D-199) 1.00 33

content seems to be minor.
Three successive runs with two samples from the same rolled sheet

(Lot 1) of uranium were exposed at 57°C to helium of 10% relative humidity.
The duplicate slopes and rate constants for each run are listed side by side
in Table 5.6. These results indicate the real reproducibility of the data,
since the tests were conducted at different times, and suggest that the re-
sults are sensitive to the experimental details of a run.
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TABLE 5.6

DUPLICATE VALUES OF RATE DATA’ FOR REPEATED
USE OF SAME SPECIMENS

Rate Constants
slopes @g/cm2/hr)

1.02 1.14 0.59 0.34
0.97 0.85 0.75 1.62
0.85 0.76 2.46 6.2

Data are also available from similar experiments at 57°C and 10% rel-
ative humidity in which one casting was reduced to sheet by three different
rolling schedules. Annealed specimens were also included in the test. All
the specimens in this set were tested at the same time. The mean slope

TABLE 5.7

EFFECT OF ROLLING PROCEDUREON THE CORROSION
OF URANIUMIN MOIST HELIUM

wt. Gain
Rate Constants (mg/cm2),

Rolling Schedules slops (pg/cm2/hr) 1000 hr

Schedule I As rolled 1.08 1.05 0.20 0.23 2.7 2.7
As annealed 0.91 0.51 0.51 4.24 3 3

of 1.05 for these twelve runs is generally somewhat higher than has been
observed for the initial reaction in moist helium. These variations in rate
constants and slope are not so significant as one might expect in terms of
a weight gain at the end of long-term tests but represent the best fit of the
data.

Experiments with three different lots of metal also conducted at various
times at 570c and lo% relative humidity gave the following slopes and rati
constants.
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TABLE 5.8

VARIATIONOF RATE DATA WITH DIFFERENT LOTS OF URANIUM

Rate Constants
Metal Used Slopes (pg/cm2/hr)

Lot II 0.36 0,37 3800 8400
Lot 1023 0.64 0.73 204 71
Lot 2023 0.71 0.65 21 49

These rate-constant data differ somewhat from those obtained in similar
runs described above. Althoughthe spread appears large, there is little reason
to question the reliability of these data or conclude that there is a real effect
due to impurities.

5.4 Reaction with Steam

Dynsmic tests have been conducted in this Laboratory using steam
heated to 144, 185, and 226”C. The rate of evolution of hydrogen was con-
sts.ntfor periods up to 8 hours. X-ray and chemical analysis of the products
from the higher temperature run gave U02 plus an unidentified constituent,
and the chemic~ analysis showed 59.9% &4 and 24.1% Uti. The hydrogen
yield on the basis of these valence changes was 96.5%, which is substantially
higher than the value obtained by Wathen.31 ~ Arrhenius plot of the data ‘s

given in Fig. 10,

6. AQUEOUSCORROSIONAND INHIBITIONEXPERIMENTS

6.IL Differential Aeration—

Although it has been known for a number of years that oxygen reduces
the rate of corrosion in water, it has only been within the last 6 monthsthat
differential aeration experiments have been conducted. In the first one, pol-
ished uranium was immersed in an open beaker and a cover glass brought
close to the surface. The metal near the edge of the glass, where there was
a supply of oxygen diffusing into the water, was relatively unattachedbut the
o~gen-starved region near the center became deeply pitted. It was subse-
quently demonstrated that current flowed between two specimens immersed
in water within an H-cell if one specimen was suppiied with more oxygen
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than the other. At the beginning of the experiment, current reversal occurred
rapidly when the o~gen supply was changed from one side of the H-cell to
the other. After about an hour of immersion, the current dropped rapidly to
a few microamps on changing the oxygen supply, but the actual reversal was
very sluggish. The observed current was of the order of 50 pamps/cm2 and
the anode was the oxygen-depleted side of the cell, Petrochemical analysis
of the corrosion products showed evidence of UO~o 2H20 on the specimen ex-
posed for several days to the flowing oxygen, whereas only U02 and U were
found on the companion piece.

6.2 Inorganic Inhibitors—

Various inorganic inhibitors which are known to be effective with iron
have been tested with uranium. Aerated solutions containing chromate, molyb-
date, tungstate, and nitrite were used in the concentration range 10-5 to
10”-SM. These were only moderately effective; the nitrite ion was the best.
Interference colors remained on the surface of uranium after 350 hr at 70°C.
However, pitting did occur and thus weight changes do not adequately reflect
the protection afforded.

6.3 Dissolution in Nitric Acid—

Nitric acid appears to passivate uranium, but slow dissolution does oc-
cur. As a basis for comparison, 1 to 2N hydrochloric acid will dissolve
uranium pieces 1/8 in. thick within several hours at room temperature, where-
as several months would be required with 5N nitric acid at room temperature.
Other acids except sulphuric attack uranium rapidly.

Nitric acid has been used by Wathen3iand by Draley and his associates92
to remove the film of adherent corrosion products from uranium. Since U02
is readily soluble in nitric acid, the sequence of interference colors is passed
through when a lightly oxidized specimen is immersed in 5N acid, and the
metal remains bright and shiny for considerable periods after the dioxide
has been removed. Eventually the surface becomes roughened and deeply
pitted.

In experiments made at Los Alamos two constant rates of dissolution
were observed in general during a single run; the low initial rate was fol-
lowed by an increased rate. In Fig, 11, the data of runs T-6, 7, and 8 are
plotted as micrograms of metal lost per square centimeter versus the test
duration. The initial run can best be represented by two intersecting lines.
Re-use of the same specimens in the later runs resulted in higher rates of
attack and in a gradual disappearance of the slower initial rate. The
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specimens used for Fig. 11 were repolished and two reaction rates reappeared
as shown in Fig. 12. The bilinear character of the reaction curve is related
to the impurities, for example, carbon, in the surface of the metal. As the
impurity content of the metal stock was reduced, the rates declined and the
two slopes merged into one. Typical rate data for the second portion of the
curves (not shown in Fig. 12) are:

TABLE 6.1

RATE OF ‘“-m~= “’-”-’- -- .— , .—. . . . ——. . -— -—--———
IJlhBUIJU”l’lUN- UJ!” UISANIUM NLW1’AL OF SEVERAL
FOLLOWINGTHE INITIAL “PROTECTED” PERIOD

Lot Carbon Iron Rates

PURITIES

Number (ppm) (ppm) @g/cm2/hr)

II 600 60 3510
2023 160 630 380 - 2800
D-359 175 125 360

*~ 5.6N HN03 at 50°C.

The general increase in rate on re-use was undoubtedlydue to the sur-
face roughening, since the specimens were not thoroughly repolished between
runs. The lower initial rate has been attributed to cathodic protection of the
remainder of the metal by the carbide and other inclusions until they were
exhausted on the surface. Then the higher rate took over. Deep elongated
pits which lie parallel to the rolling direction were observed on removal from
solution, as illustrated in Fig. 13. These pits undoubtedlyresulted from the
dissolution of impurity inclusions which were broken up and aligned in string-
ers by the rolling procedures, as illustrated in Fig. 14. There were fewer
stringers exposed by the partial polishing of the
the cathodic protection afforded by these was of
rate set in sooner.

7. DISCUSSION

specimens for re-test. Thus
less duration and the higher

The corrosion behavior of uranium is understood only qualitatively. The
detailed quantitativebehavior is variable and appears to depend on various
conditions prevailing at the surface. However, impurities in the metal or
differences in fabrication
and oxygen content of the
significant effect.

do not apparently influence the rate. The moisture
corrosive environment seem to have a much more
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Fig. 13

Fig. 14.

Photomicrograph of the Corroded Surface of Lot II Uranium after
Removal from
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The observed variability in reaction rate can be qualitatively explained
if a number of competing as well as successive reactions occur simultaneously
on the uranium surface, and the rate of several of these is strongly influenced
by impurities in the gas. Certainly a number of products such as UH8,U02,
and higher hydrated oxides have been observed to form in the presence of air.
The several products are in accord with several simultaneous reactions.
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